Abstract. Concerns with transgenic animals include the potential ecological risks associated with release or escape to the natural environment, and a critical requirement for assessment of ecological effects is the ability to distinguish transgenic animals from wild type. Here, we explore geometric morphometrics (GeoM) and human expertise to distinguish growth-hormone-transgenic coho salmon (Oncorhynchus kisutch) specimens from wild type. First, we simulated an escape of 3-month-old hatchery-reared wild-type and transgenic fish to an artificial stream, and recaptured them at the time of seaward migration at an age of 13 months. Second, we reared fish in the stream from first-feeding fry until an age of 13 months, thereby simulating fish arising from a successful spawn in the wild of an escaped hatcheryreared transgenic fish. All fish were then assessed from photographs by visual identification (VID) by local staff and by GeoM based on 13 morphological landmarks. A leave-one-out discriminant analysis of GeoM data had on average 86% (72-100% for individual groups) accuracy in assigning the correct genotypes, whereas the human experts were correct, on average, in only 49% of cases (range of 18-100% for individual fish groups). However, serious errors (i.e., classifying transgenic specimens as wild type) occurred for 7% (GeoM) and 67% (VID) of transgenic fish, and all of these incorrect assignments arose with fish reared in the stream from the first-feeding stage. The results show that we presently lack the skills of visually distinguishing transgenic coho salmon from wild type with a high level of accuracy, but that further development of GeoM methods could be useful in identifying second-generation fish from nature as a nonmolecular approach.
INTRODUCTION
Invasive species can cause large ecological impacts on receiving ecosystems and cause great economic costs (Lovell et al. 2006 , Reaser et al. 2007 ). More recently, genetic modification of a large number of organisms by transgenesis raises concern that similar consequences may arise should such organisms escape or be released into natural ecosystems (Tiedje et al. 1989 , Snow et al. 2005 . In some cases, transgenic organisms may pose little threat to natural populations because they are often modified for traits that are likely to confer a survival disadvantage under natural conditions. However, some transgenic animals may pose a greater threat than alien species when the transgenic animals share similar evolutionary history with local populations.
A range of containment strategies (physical, geographical, and biological) has been proposed to reduce the risk of transgenes entering the wild or causing harm should escapes occur (Devlin and Donaldson 1992 , Kapuscinski et al. 2007 , Mair et al. 2007 ). However, methods explored to date have not provided complete containment as would be expected for commercial scales . To minimize ecological harm from escaped transgenic animals, it would be beneficial to be able to quickly identify transgene carriers in nature in order to facilitate their removal, and to establish follow-up monitoring programs (Senanan et al. 2007 ). For highly mobile species, it would be ideal to detect the presence of transgenic individuals before they disperse, since once this initial stage is missed, complete eradication may not be achievable because of the logistics and associated high costs of locating transgenic specimens, particularly in aquatic environments (Baxter et al. 2008) . At that point, there may be no other option than to develop acceptable strategies for managing the invaders (Britton et al. 2010) .
Contexts similar to these for transgenic organisms have long existed under aquaculture conditions, where genetic interaction between escaped domesticated farmed and local wild fish has occurred (Naylor et al. 2005 , Jonsson and Jonsson 2006 , McClure et al. 2008 . Attempts to identify hatchery-reared escapees have included external morphology, scale and otolith analysis, biochemical and physiological markers, genetic marking, or scale patterns (Fiske et al. 2005 , Glover 2010 ). The use of genetic markers to identify transgenic specimens would in most cases be a very reliable method, since the transgene is a distinct genetic construct that is either present or absent in the genome. The phenotypic expression of the transgene also may facilitate identification, especially if producing clear external changes such as fluorescent color (Gong et al. 2003 ). This could be important for the early detection of escaped fish by, for example, fishers that would otherwise not note that the caught specimen is transgenic. However, other types of transgenic fish may not provide such distinctive external markers and may require careful examination if genetic tools are not available or in some circumstances not affordable.
Transgenic fish with elevated growth rate are being developed for commercial purposes, primarily through the introduction of growth hormone (GH) gene constructs. Under culture conditions, these types of transgenic fish grow severalfold faster than their nontransgenic counterparts in early life and can develop altered morphology typically not observed in nontransgenic specimens (Devlin et al. 1995a , b, 2004 , Ostenfeld et al. 1998 , Nam et al. 2002 , 2008 . Importantly, however, developmental responses to environmental conditions may alter phenotypic effects in GH transgenic fish (Sundstro¨m et al. 2007 ). This plasticity may complicate the identification of transgenic phenotypes not reared under culture conditions, thereby requiring more sophisticated methods. Typically, transgenic individuals are identified using molecular techniques that require specialized equipment and skilled technical personnel (Michelini et al. 2008 , NageswaraRao et al. 2013 . Such resources may not be readily available in all locations where transgenic organisms may be expected to be found (Dunham 1999) , and consequently other methods may need to be developed.
In the present study, we evaluate the potential of distinguishing GH-transgene-carrying coho salmon (Oncorhynchus kisutch) from non-transgenic conspecifics using either geometric morphometrics (GeoM) analysis or visual examination (VID) by experienced hatchery staff. To take into account the observed plasticity in these fish, we first simulated (within biocontained facilities) the escape of three-month-old hatchery-reared transgenic and non-transgenic fish to an artificial stream and recaptured them after the onset of their smolt migration. Next, we set up a scenario in which the transgenic fish originated from successful spawnings between wild and escaped transgenic specimens. Under this latter scenario, the transgenic fish lived their entire 1.5 years in the artificial stream until seaward migration, when they were captured. In many salmon streams, populations are assessed at this stage through capture in smolt traps, making evaluation of this stage relevant to the context when the detection of a transgenic individual in a salmon population might be feasible.
METHODS
The study was conducted within the transgenic fish facility at the Centre for Aquaculture and Environmental Research (CAER), Fisheries and Oceans, West Vancouver, British Columbia, Canada. This research facility has multiple containment screen systems and is specially designed to prevent the escape of genetically modified fish to the natural environment. Fast-growing genotypes of coho salmon with constitutive expression of growth hormone were initially produced by microinjecting the OnMTGH1 growth hormone gene construct into fertilized eggs from wild parents from the Chehalis River in southwestern British Columbia (Devlin et al. 1994) . Stable and characterized strains expressing the transgenic genotype were subsequently developed through crosses with wild fish from the Chehalis River at each generation, and thus contain on average the same genetic background as wild fish, except for the presence of the OnMTGH1 transgene. Details of the production and subsequent performance of the M77 strain used here can be found elsewhere (Devlin et al. 2004) . All experiments were conducted under an approved Animal Use Protocol from the Fisheries and Oceans' Pacific Region Animal Care Committee overseeing requirements for the Canadian Council for Animal Care. Informed consent was obtained from all human participants included in the study.
Transgenic fish used in the present experiment were produced by crossing males homozygous for the transgene with wild-caught females from the Chehalis River. Hence, all transgenic fish used in this study were hemizygous for the transgene. Genotypically wild-type fish (i.e., non-transgenic specimens) of the same age were produced by crossing the same wild-caught females with wild-caught males from the same river system. Hence, the hatchery-reared wild-type and transgenic fish were half-sib groups, and the wild-type and transgenic fish reared in the artificial stream were half-sib groups. Because the transgenic fish quickly grow large in the hatchery, we also used a non-transgenic size control where fish were one year older and produced from other wild-caught males and females. It is important to note that the difference in daily specific growth rate in the hatchery between transgenic and wild-type salmon is approximately two-to threefold, which rapidly results in large size differences between genotypes. This difference in growth rate is many times greater than interfamily variation observed among wild-type salmon. All fertilized eggs were incubated in 108C well water until initiation of exogenous feeding.
Transgenic fish simulating first-generation freshwater escapees (Th) were obtained from fish reared under hatchery conditions in 108C well water in a 3.7-m ting, Vancouver, British Columbia, Canada) to satiation three to five times a day. After three months, 20 individuals were haphazardly sampled from this tank, PIT-tagged (passive integrated transponder) to allow individual identification, and released into a simulated natural stream in August 2005. Mass, length, and condition factor for fish at the time of introduction are given in Table 1 . Fish then were reared in the artificial stream until sampling in May 2006 (270 days after release from hatchery), at which point they were recaptured and again measured for length, weighed, and photographed for identification studies. A corresponding wild-type group (Wh) initially reared separately in the hatchery was treated in the same way, but reared together in the stream with the Th group.
Ten days after the first-generation escapes were captured from the stream, 200 wild-type (Ws) and 200 transgenic (Ts) genotypes were transferred at the firstfeeding stage to the artificial stream. Two wild rainbow trout (Oncorhynchus mykiss) predators were introduced in July 2006 and remained in the system until the end of the experiment. One weighed 68 g and was 180 mm when released, and had grown to 132 g and 241 mm when the experiment ended. The other rainbow trout was 42 g and measured 160 mm when introduced, and had grown to 114 g and 223 mm when the experiment ended. We were able to capture 69 individuals from the stream in June 2007 (after 376 d). Mass and length were measured before adipose fins were sampled to determine genotype by PCR analysis. Detecting the presence of the transgene with this method has proven reliable across laboratories (Rehbein et al. 2002) and further details are provided elsewhere (Devlin et al. 2004) .
A third group of wild-type fish (Wm), used as a size control to the large hatchery-reared transgenic fish, was reared in the hatchery for 18 months before transfer to a saltwater mesocosm tank (12 m diameter and 3 m deep circular flow-through tank) in September 2007 and fed with commercial fish feed (Skretting) to satiation. When they had reached a size similar to that of the final size of the hatchery-reared transgenic fish, 24 individuals were captured from the mesocosm and photographed (December 2007) .
Condition factor of all fish was calculated as CF ¼ 10
, where M is mass in grams and L is length in millimeters. Fish were digitally photographed for morphometric analysis and human evaluation. The camera (Sony a100; Sony, Tokyo, Japan) was mounted on a stand and photographs were taken with the same settings for each specimen. However, because fish were not available at the same time, conditions were not identical but made as similar as possible. The left side of each fish was photographed and assessed in all analyses.
Simulated natural stream
The simulated natural stream (see Plate 1) was constructed with pond liner, and the bottom and most of the sides were covered with large rocks (roughly 5-20 cm in diameter), with occasional boulders (30-40 cm diameter), 1-2-m logs, and a root (Sundstro¨m et al. 2010 : Fig. 1 ). It consisted of a 20 m long and 1.1 m wide stretch divided by a 0.1 m thick central wall put in place in a zigzag pattern to within 1.5 m of the ends, making a looped stream length of 37 m. Water current was created by incoming water (partial flow-through system with natural creek water at ;0.6 m 3 /h) at one end, and by four pumps (each with a capacity of ;4 m 3 /h) evenly distributed throughout the stream. The varying distance between the stream sides and the dividing wall and the placement of pumps and boulders created sections with rapid water flow (2 m/s) and sections with slow flow (0.1 m/s). Water depth varied between 0.2 and 0.3 m with three deeper sections (deepest part was 0.4 m) at one end. Light followed the natural photoperiod and entered the facility through a semitransparent roof.
Observed but uncontrolled food sources in the system were live natural prey entering the system with the creek water, such as stone fly (Plecoptera) and mayfly (Ephemeroptera) larvae, as well as numerous larvae and adults of mosquitoes (Chironomidae, Culicidae) (24) 174.1 6 10.6 239 6 4.7 1.23 6 0.01 Ts (34) 22.9 6 3.0 123 6 5.8 1.03 6 0.01 Th (8) 34.6 6 3.2 126.1 6 22.4 145 6 4.6 223 6 11.8 1.11 6 0.02 1.06 6 0.04
Notes: Values are means 6 SE. Numbers in parentheses in fish type denote sample size at final stage. Final size distributions are illustrated in Fig. 2 . Cells left blank indicate no data. Fish belonged to five types: transgenic genotypes reared in the hatchery for 3 months and then transferred to an artificial stream for 9 months (Th), transgenic genotypes reared in an artificial stream from the first-feeding stage until 12 months of age (Ts), wild genotype (non-transgenic) reared in the hatchery for 15 months and transferred to large saltwater tanks for 4 months acting as size-control for Th (Wm), wild genotype raised in stream (Ws), and wild genotype raised in hatchery (Wh).
First-feeding fry that were approximately 0.3 g and 32 mm.
and adult spiders (Arachnidae). Supplemental natural feed was provided once a day five days a week, and consisted of frozen water fleas (Dapnia sp.), mysis shrimp (Mysis relicta), and blood worms (Chironomidae), live worms (Tubifex sp. and Lumbricidae), live crickets (Acheta domestica), dried brine shrimp flakes (Artemia spp.), and dried krill (Euphasia spp.). Feeding locations (four to five per feeding) in the stream were chosen haphazardly at each feeding event.
It is important to note that our feeding regimens and the stream at our facility produce non-transgenic fish that are representative of wild fish from nature in terms of average growth history, phenotype, and feeding behavior when assessed under seminatural conditions (Sundstro¨m et al. 2007 ).
Geometric morphometrics
Genotypic identification through shape analysis using computers was done by means of geometric morphometrics (Adams et al. 2004 , Slice 2007 . We digitized 13 landmarks from the photographs of the fish (Fig. 1 ) using the software program tpsDig2 (Rohlf 2008 ). Variation in shape was small enough to allow statistical analysis to be performed according to tpsSmall (Rohlf 2005) . Landmarks were analyzed in tps-Relw, which uses the generalized orthogonal least-squares Procrustes (GPA) procedure to produce both affine (uniform) and non-affine (non-uniform) partial warp scores (Rohlf 2007) . From these scores, the first six relative warps were extracted (corresponding to a principal component analysis) and analyzed together with log 10 of centroid size in a linear discriminant analysis. We used these relative warps instead of the partial warp scores because only eight individuals were available in one of the groups (Tabachnik and Fidell 2001) . We set the prior probability to be equal among groups since our sample is unlikely to accurately reflect any specific real population. Accuracy of the classification was assessed using the leave-one-out cross-validation procedure, where one data point is classified according to the model obtained without that data point, and this procedure was repeated for all data points. Differences in shape between groups were visualized with tps-Relw by looking at the relative warps, which are principal components of the covariance matrix of the partial warp scores and thus summarize as much of the variation in shape as is possible in as few dimensions as possible. Default settings were used in all tps programs.
Human visual identification
Photographs of all the fish were randomly ordered and assigned a unique number before being assembled into an Adobe pdf file (Adobe, San Jose, California, USA). This file was provided to 11 staff members at CAER, and they were asked to identify each specimen as either of a wild-type or a transgenic genotype. Evaluators were informed that the list of photographs was of wild-type and transgenic individuals, but not how many of each type. They were also asked to provide three main characteristics used to decide whether they considered a fish to be of wild-type or transgenic genotype. Staff members varied in their educational backgrounds (from high school to senior professor), and had 5-20 years of experience in hands-on work with hatchery-reared wildtype and GH-transgenic coho salmon in the laboratory. All staff had experience weighing and measuring fish, and hence had visually observed sides of many fish, although mainly animals that had been reared in the hatchery.
Analysis of the scores had two purposes. First, we looked at whether some of the fish groups were easier than others to distinguish, and second, we looked at whether expert raters were reliable. Fish were given a score of 1 if correctly assigned and 0 if incorrectly assigned. Across raters, if a fish had an average over 0.5 (i.e., at least six of the 11 raters were correct), it was assigned the correct genotype, and if less than 0.5, it was deemed to have been wrongly classified by the raters.
RESULTS
Of the 20 transgenic fish that were reared in the hatchery for three months prior to release into the artificial stream, eight were alive at the time of final sampling. The smallest of these fish was 61.3 g and 189 mm, which is larger than the size at which most normal coho salmon undergo the smolting process (average of typically ,25 g) found at this time of year (Vo¨llestad et al. 2004) . The largest of the transgenic fish was 238 g and measured 278 mm. We also obtained 24 size-matched wild-type fish reared in large seawater tanks that ranged between 74.0 and 269 g and 188 and 278 mm. For the 20 wild-type fish reared in the hatchery and later released, 12 survived, and their sizes ranged between 15.4 and 30.0 g and measured 119-145 mm. Hence, there was no overlap in size between hatchery-reared wild-type and transgenic fish, so these could have been distinguished based on size alone if captured in a stream environment (Figs. 2 and 3) .
Of the 200 first-feeding fry of each genotype released into the simulated natural stream, 63 were recaptured from the artificial stream at the time of smolt migration. Based on PCR analysis, 34 of these fish were transgenic and 29 were wild type (Sundstro¨m et al. 2010) . In contrast to the hatchery-reared fish, there was great overlap in size between wild-type and transgenic genotypes reared in the stream (Figs. 2 and 3) . Wildtype fish ranged from 3.7 to 24.8 g and 68 to 134 mm, while transgenic fish ranged from 4.2 to 63.3 g and 74 to 185 mm. It is important to note that even though 12 transgenic fish were larger than any wild type, four of the five smallest fish were transgenic. Wild-type fish reared in the stream were on average smaller than those wild-type fish reared in the hatchery, but there was still overlap, and the hatchery-reared wild-type fish were not larger than the largest of the transgenic genotypes reared in the stream (Fig. 2) . Further, the largest transgenic specimen reared in the stream was just as large as the smallest transgenic individual initially reared in the hatchery. These data show that size alone cannot be used as a reliable cue to discriminate between wild-type and transgenic genotypes reared under more nature-like conditions. Against this background, it is relevant to assess the ability of geometric morphometrics and expert evaluation to distinguish transgenic from wild-type genotypes.
Geometric morphometrics
Geometric morphometry, using the generalized orthogonal least-squares Procrustes (GPA) procedure on landmark data (Fig. 1) , produced relative warp scores (Fig. 4) . The third and fourth functions accounted for 6.9% and 4.1%, respectively, of the remaining variance. The multivariate space distances between groups (a measure of distinctiveness between average phenotypes) were all significant, and were smallest between Wh, Ws, and Ts, and greatest between Wm and the stream fish (Ws and Ts; Table 2 ). The leave-one-out classification (Table 3) produced an overall accuracy of 86%. The best assignment was for group Th, with 100% correct. The least reliable was Ws, with only 72% correct.
From an ecological risk point of view, the error rate of classifying transgenic specimens as non-transgenic was 7%, with three of the 42 individuals misclassified as a wild type. All of these misclassifications came from transgenic fish reared under naturalized conditions in the artificial stream from the first-feeding stage; one was classified as stream-reared wild-type fish (Ws) and two as a hatchery-reared wild-type fish (Wh). Morphometric data also wrongly classified wild types as transgenic in seven out of 65 cases (11%). Most problematic was the distinction between the two types of stream-reared fish, with all of the seven errors being between these two groups. Hence, of the 15 misclassifications, eight were between the two genotypes of stream-reared fish. A similar discriminant function analysis, but on only the two stream-reared types (Ts and Ws), where sample size was larger and thus allowed the use of partial warp scores instead of a limited number of relative warps, was no better in separating groups, with five transgenic fish classified as wild type and four wild-type fish classified as transgenic. Hence, this reduced discriminant function FIG. 4 . Classification plot on discriminant functions (canonical variants; CV) 1 (CV1) and 2 (CV2) explaining 91% of the variation in body shape and display differences in associated variation among five groups of salmon. Numbers in parentheses on each axis indicate the percentage of variation explained by each function. Convex polygons outline each group. See Fig. 2 for details on fish groups. analysis improved scoring of the wild-type but reduced accuracy for the transgenic fish.
Although the discriminant analysis used morphometric data to classify most individuals correctly, it did not reveal what features differed among groups. Some idea can be obtained by looking at relative warps (RW) together with visualization of shape deformations using the program tpsRelw (Fig. 5A) . Although RW1 and RW2 provided the most explanation for variation in body shape, RW1 and RW4 were chosen in the visualization because they provided the best discrimination between all groups (based on the F statistic from ANOVAs on the first six RW). The extremes of RW1 were associated with slender (positive values) or rotund (negative values) bodies coupled with asymmetric shape changes in the head region. Most distinct were Wm, and to some extent Wh, which clustered on ÀRW1, which was associated with fusiform bodies being less symmetrical along the midline and where the eye was further away from the tip of the nose but the head increased in relative size (Fig. 5B) . Stream-reared fish clustered more on þRW1, which was associated with more symmetric body shape along the midline with more similar ventral and dorsal body and relatively smaller heads. ÀRW4 was associated mainly with a relative increase of dorsal body and slightly smaller head, and this was where Th clustered (Fig. 5C ). This increase in the dorsal part of the body was relatively apparent on the Th fish, where there was a sense of a thickened ''neck'' ( just posterior to the head on the dorsal surface) not obvious in the other phenotypes (Fig. 3) .
Because stream-reared fish posed the main problem of discrimination between wild-type and transgenic genotypes (e.g., those that might be derived from spawning events in nature), shape differences between these two fish types were also visualized separately (Fig. 6) . A plot between centroid size (basically the same as body length in this case; Pearson correlation between centroid size and body length R ¼ 0.998) and RW1 showed a partial separation between the two genotypes such that wildtype fish generally scored higher on RW1 for a given size (Fig. 6A) . However, the relationship was not parallel, and the difference between the two genotypes in the RW1 score decreased with size (analysis of covariance [ANCOVA] interaction between centroid size and genotype; F 1,59 ¼ 17.5, P , 0.001). As RW1 was associated mainly with the dorsoventral body shape and relative head size, this relationship suggested that smaller wild-type fish have relatively deeper bodies and larger heads than transgenic fish (Fig. 6B ), but that this difference disappeared with increasing size. To assess the magnitude of this difference, we measured the distance between landmarks 3 and 9 (measure of body height; see Fig. 1 ) and 1 and 11 (measure of head size) and adjusted for body length in an ANCOVA including the interaction between length and genotype. Results of this analysis showed that the difference in distance between landmarks 3 and 9 (body height), comparing streamreared wild-type and transgenic fish, was on average only 0.21 mm for a fish of 116 mm (equivalent to a log 10 centroid size of 2.15 in Fig. 6A ), corresponding to an increase of only 0.8% in body height in wild-type compared to transgenic fish. The same procedure applied to landmarks 1 and 11 (head size), which showed that this difference between the two genotypes was on average 1.2 mm, corresponding to a 4.9% increase in relative head size in wild-type fish compared to transgenic. Even though such differences could potentially be reliably measured under field conditions, there was still overlap between the two genotypes, leaving doubt as to the accuracy of this simple method of classification. Further, the difference in slope as detected between centroid size and RW1 suggested that this method may become less reliable as size of the fish increases (Fig. 6 ).
Human expertise
The 11 human evaluators scored between 35 and 63 of the 106 fish correctly, with an average of 48.6 6 2.6 (mean 6 SE). Hence, this type of evaluation was not reliable for identifying genotypes, with less than 50% of the fish correctly assigned. Results for only two raters were different from random, but these raters were correct in less than 50% of the cases (binomial test, P , 0.015 for both).
When setting the criteria that .50% agreement of the raters would determine genotype, the assignment of individual fish classified only 14 of the 42 transgenic fish as transgenic and 32 of the 65 wild-type fish as of the wild-type genotype. When looking at the different fish types, only transgenic fish initially reared in the hatchery were all correctly classified (Table 4) . We note that stream-reared fish were overrepresented as believed to be wild type, whereas the majority of hatchery-reared and large marine tank fish were believed to be transgenic.
The criteria used by the raters to determine genotype can be summarized into three categories. First was the use of relative sizes looking at eye diameter or head size relative to body size, where a relatively small eye/head was considered an indication of transgenic genotype. Second, specific details believed to be associated with transgenic fish included a more blunt nose, cranial deformities, deformed operculum, and reduced pectoral fin. Last, raters relied on general appearance, where transgenic fish were believed to have more rounded bodies (i.e., higher condition), be more likely to have lost scales, and be more silvery and larger than wild type.
DISCUSSION
Our results indicate that visually identifying a GHtransgenic coho salmon from a wild type with 100% certainty when found in nature would be difficult, especially so if the former is a second-generation naturalized fish. It is also likely that the younger the first-generation escaped fish are at escape (i.e., having spent less or no time under hatchery conditions), the more difficult they would be to distinguish from wildtype fish, because the transgene has had less time to influence phenotypic development under hatchery conditions (Sundstro¨m et al. 2003) . We explored both geometric morphometrics and human expert identification and found that whereas the former was somewhat reliable, the latter was no better than chance. To be 100% certain of the genotype of an unknown specimen would, therefore, require molecular analysis (e.g., Devlin et al. 2004) . Despite these limitations, we discuss ways to improve both the analysis of geometric morphometrics and visual identification to become more useful for distinguishing between transgenic and wild-type specimens. Although the poor accuracy of expert identification rates may seem surprising, there are a number of conditions that may explain this and suggest that improvement may be possible. First, although the human experts had seen both genotypes of fish extensively before when reared in hatchery conditions, none of the raters had specific experience in visual identification of stream-reared fish. Hence, much of the erroneous classification arose from preconceived notions of what a transgenic fish looks like (i.e., type Th in Fig. 3 ). The criteria used and the scoring outcome strongly suggest that the raters used traits easily recognized from transgenic fish reared only in the hatchery. Typically, fast-growing hatchery-reared transgenic fish have smaller eyes and heads, large, bulging abdomens, and a higher condition factor from the larger amount of food consumed compared to wildtype fish (Ostenfeld et al. 1998 , Devlin et al. 2012 . Such changes in phenotype are highly dependent on indirect effects of enhanced growth rate, since the characteristics are much reduced in transgenic animals forced to grow at a wild-type rate by ration restriction (Devlin et al. 2012) . These traits had already developed in the Th group after three months in the hatchery and were still easily observable even after 10 months in the stream environment. Thus, it is not surprising that fish belonging to this group had the highest percentage of correctly assigned individuals by both the GeoM and VID methods. Two other criteria used by the raters, body size and silvering, likely explain why the fish derived from large marine tanks (Wm) were largely considered transgenic despite being of wild-type genotype. At the time of migration in early summer, a natural stream would normally not contain coho salmon of the size of Wm fish, and only a transgenic fish from the hatchery would be expected to have acquired such a silvery body. However, sampling in an estuary could potentially catch wild fish of this size together with escaped transgenic fish (Lund 1998 cited in Thorstad et al. 2008 classification based on GeoM (Table 3) clearly demonstrate how group Wm was different from transgenic group Th, and with more experience and specific training, raters would likely be able to tell them apart, and may also show improvement in distinguishing other groups as well.
By far the two most difficult groups to separate were wild-type and transgenic fish reared in the stream environment from the first-feeding stage. Of the 11 fish misclassified by GeoM, eight were between these two groups. Further, the expert raters appeared to (by VID) group both transgenic and non-transgenic stream-reared fish (Ts and Ws) as wild-type fish by default. Fig. 3 illustrates how these two types of fish were also more visually alike than any of the other types examined. The GeoM methods revealed that most of the differences in shape between these two groups were associated with relatively smaller dorsoventral body height and smaller heads in transgenic compared to wild type. As growth hormone can stimulate skeletal growth and lipid metabolism (Johnsson and Bjo¨rnsson 1994) , our data suggest that the similarity of the wild-type and transgenic fish from the stream is not due to an inactivation of the transgene. When transgenic and wild-type fish are fed the same amount of food under hatchery conditions (i.e., pairfed), transgenic fish are longer and leaner for the same mass (reduced condition factor), whereas if these fish are then fed to satiation, they will rapidly outgrow wild type and exhibit increased condition (Raven et al. 2006) . However, when fed to satiation, the head of the transgenic fish does not grow isometrically with the body, suggesting that growth hormone affects the growth of the structures of the head differently from those of the rest of the body (Devlin et al. 2012 ). Thus, it was not unexpected to find that the stream-reared transgenic fish had relatively smaller heads even though they were not necessarily larger than the wild type. A smaller head also developed in hatchery-reared wild-type adult coho salmon compared to adults captured from the wild (Hard et al. 2000) , although most of this effect may be due to less-developed secondary sexual characteristics, such as the kype, in the hatchery, which is not relevant for the smolts that we studied.
GeoM was able to detect differences and classify most groups with a reasonably high degree of accuracy, although not 100%. It is possible that GeoM performance could be improved by choosing more or alternative landmarks, since it has been previously noted in other systems that subtleties in morphologies (based on visual observations) can be detected by the geometric shape analysis (Unwin et al. 1999, Solem and Berg 2011) . It is conceivable that human observers may be able to learn and discriminate as well or better if they are made aware of which specific traits to seek. GeoM quantifies only shape differences, whereas a human observer can use cues from other aspects such as color and patterns. However, as seen in this study, human performance also may suffer from preconceived notions, and it may be difficult to obtain observers that are trained but without any prejudice.
Although each transgenic line needs to be assessed on a case-by-case basis, the present study reveals an important issue involved in identifying escaped and later-generation transgenic fish in nature. We have shown that even in cases where the transgenic fish may be easily identified when reared under culture conditions, identifying naturalized phenotypes of transgenic fish may be very difficult without resorting to molecular methods even in a species where the phenotypic effects of the transgene is among the greatest observed (Devlin et al. 1994 , Nam et al. 2008 . The specific strain used in this analysis (M77; Devlin et al. 2004 ) is one that shows a very high level of growth stimulation but with minimal or no obvious morphological abnormalities (analogous to strains that would presumably be selected for use in production scenarios where they could escape to nature). The results also imply that hatchery phenotypes cannot by default be used as indicators of how easily one could detect the presence of transgenes in nature. Even if there is potential for learning, which may allow human observers to more accurately assign genotypes to naturalized phenotypes, the reliability of identifying the genotypes correctly, at present, appears too low. Over the longer term, and if transgenic fish would be capable of reproducing in the wild, distinguishing between naturalized phenotypes of wild-type and transgenic genotypes may become easier or more difficult, depending on selective forces acting on phenotype (Ahrens and Devlin 2011) . In contrast, the high reliability and accuracy of PCR analyses (Rehbein et al. 2002 , Devlin et al. 2004 ) for detecting transgenic animals will not change. Such analyses can be performed within a matter of hours, but do require holding animals and individually identifying them if separation and removal of transgenic from wild-type fish is desired while keeping the latter alive.
In summary, identification of transgenic animals phenotypically should be undertaken in scenarios where they may escape to nature. Further, measures include developing protocols for retrieval of escaped animals, as well as assessing the potential harm that they may cause to ecosystems (Senanan et al. 2007 ). Because ecological and genetic effects over time may depend on whether or not transgenic individuals can reproduce in nature or not, it may be important to examine specimens reared under natural conditions and not just captivity-reared individuals, and to examine them at reproductively mature stages. Although not at this state currently, GeoM has the potential to be developed into a relatively reliable method of assessing phenotype that, after an initial setup, could work at a relatively low cost. Because GeoM is based on the specific specimens in the analysis, the first step would be to create a template database with few but informative landmarks for the relevant species against which any unknown specimen would be compared. This database would need to be developed for a variety of phenotypes, including those of different ages, sizes, and rearing backgrounds. Further, software would have to be developed to facilitate the entry and rapid (i.e., less than 30 seconds) analysis of landmark data from photographs of the examined specimen (i.e., to allow an ID to be generated within a single anesthetization period). Similar identification systems are being developed for a range of species (Ku¨hl and Burghardt 2013) , and although they may not provide the same reliability as PCR, they could provide means for large-scale screening of many individuals, which should be coupled with PCR analysis for those individuals where computer analysis generated a transgenic or ambiguous assignment. Further, GeoM analysis has utility with field personnel who are not specifically seeking transgenic animals in sampled populations, but could be made aware of critical diagnostic criteria which could allow detection of transgenic animals in nature that arose from otherwise undetected escape events.
